Since a light beam can carry angular momentum (AM) it is possible to use optical tweezers to exert torques to twist or rotate microscopic objects. The alignment torque exerted on an elongated particle in a polarized light field represents a possible torque mechanism. In this situation, although some exchange of orbital angular momentum occurs, scattering calculations show that spin dominates, and polarization measurements allow the torque to be measured with good accuracy. This phenomenon can be explained by considering shape birefringence with an induced polarizability tensor. Another example of a shape birefringent object is a microsphere with a cylindrical cavity. Its design is based on the fact that due to its symmetry a sphere does not rotate in an optical trap, but one could break the symmetry by designing an object with a spherical outer shape with a non spherical cavity inside. The production of such a structure can be achieved using a two photon photo-polymerization technique. We show that using this technique, hollow spheres with varying sizes of the cavity can be successfully constructed. We have been able to demonstrate rotation of these spheres with cylindrical cavities when they are trapped in a laser beam carrying spin angular momentum. The torque efficiency achievable in this system can be quantified as a function of a cylinder diameter. Because they are biocompatible and easily functionalized, these structures could be very useful in work involving manipulation, control and probing of individual biological molecules and molecular motors.
INTRODUCTION
Birefringence is a consequence of anisotropy at the molecular level and is an intrinsic birefringence meaning that it is a property of the bulk material itself. However, birefringence can occur also in an optically isotropic material in certain conditions, for example if there is an ordered arrangement of isotropic particles with sizes larger than molecular scale but comparable to the wavelength of light interacting with them. This type of birefringence, due to the shape of the object is called shape induced or form birefringence [1] and in this case one can talk about an induced polarizability tensor rather than an intrinsic permittivity tensor. In this sense it is worth mentioning the behaviour of elongated or flattened isotropic particles in an external electric field. They have different dielectric polarizabilities along their short and long axes and hence they behave as birefringent particles. A classical example is an ellipsoid in an external electric field for which the analytical solution of the polarizability tensor exists [2] . One can see that the shape of the isotropic objects in an arrangement is crucial for the type of form birefringence in the following examples: an array of equally spaced thin parallel plates is negative uniaxial while an array of parallel cylindrical rods is positive uniaxial [1] . Based on these considerations, photolithographic fabrication of microgears with geometric anisotropy was reported [3] . Due to their form birefringence, they could be rotated in a circularly polarized trapping beam. In our case, the approach towards fabricating form birefringence microstructures by means of two-photon photopolymerization (2PP) came from previous work done on manipulation and rotation of biological molecules. There has been an ongoing effort during the past decade to manipulate and probe individual biological molecules such as DNA or molecular motors [4] [5] [6] . In this type of study forces and torques exerted on single molecules are measured in order to understand processes at the cellular level in which these molecules are involved. In order to perform these experiments one end of the molecule has to be attached to a fixed surface and the other to a micrometer sized object that could be easily optically trapped. The most common particles used in optical trapping for these purposes are isotropic spheres which are only suitable for force and displacement measurements through transfer of linear momentum. However, rotation of biomolecules plays a big role in cellular mechanisms like DNA supercoiling, DNA transcription or DNA repair. In order to measure torques in an optical trap one needs either birefringent or shape-birefringent particles.
Rotation measurements of biological molecules have been performed in our group using vaterite microspheres. Usually these microspheres are not very stable in the commonly used biological buffers unless some coating technique is used. Another type of birefringent micrometre sized object was reported [7] , namely quartz microcylinders fabricated by standard photolithography and functionalized with bio-molecules for DNA attachment in order to detect DNA supercoiling torque. A limitation of the cylindrical shape over the spherical shape in this type of measurements is the fact that for a cylinder the torque can only be measured optically while for a sphere it can be measured also through viscosity since the viscous drag torque for a sphere has a simple analytical solution. By measuring the rotation rate of a known radius sphere in a known fluid one can easily calculate the torque. While it has been shown recently [8] that by an appropriate silica and organosilica coating the stability in the biological buffers can be considerably enhanced, the problem could be avoided entirely by using polymer materials, and it is interesting to determine whether objects could be fabricated using 2PP which exhibit sufficient birefringence to be useful in biological experiments. We have carried out fabrication of polymer microspheres by means of 2PP which are suitable for the same type of measurements as described above. Due to its symmetry a homogenous isotropic sphere does not experience a torque in an optical trap. However one could break the symmetry by designing a sphere with a cavity inside, a "holey sphere" which can induce shape birefringence. One can then optimize the angular momentum transfer between the laser beam and the object, and hence the torque, by changing the shape of the cavity, which can be easily done with the two-photon polymerization technique. The idea of designing "holey spheres" came about from previous work done in our lab on form birefringence [9] in which rod shaped glass microparticles were trapped and rotated in circularly polarized beams. However, a drawback of such elongated particles is the fact that they align along the beam axis if they are three dimensionally trapped and the shape birefringence is not "seen" by the trapping beam unless they are only two dimensionally trapped. This problem could be overcome by designing a "holey sphere", that is, a sphere with a rod-like cavity. The fabrication of such an object can be easily achieved by the 2PP technique, which has been proven to be a powerful technique for creating micrometer sized objects of arbitrary shape. Since its advent in 1991 [10] and following the first produced 3D microstructures [11] , various micromachines have been produced (micropumps, microneedles, microgears) with resolution in the order of 100 nm [12] [13] [14] .
DESIGN AND FABRICATION
We have designed and fabricated microspheres with a cylindrical void inside. As discussed elsewhere [15] , the 3D CAD object as seen in figure 1 is sliced into bitmaps which are then input into the scanning program. Due to the versatility of the technique we were able to vary the diameter of the spheres as well as the diameter of the void. An optical microscope image of 5 μm diameter spheres with various void sizes in unpolymerized resin is shown in figure 1 . Due to the high travel range of the scanning stage one could produce a large number of microstructures in one go which is a big advantage in terms of fabrication efficiency. The fabrication time for each structure is about 7 minutes. The structures were further characterized with the scanning electron microscope (SEM). Typical SEM images of the fabricated structures with different void diameters are shown in figure 2 . The layer-by-layer formation of the microstructure can be clearly seen from the SEM images. The apparent slight ellipticity (approximately 1.1) of the holey spheres seen in the SEM images is due to the inherent difference in the pixel size in X and Y directions and the actual circularity was checked by a standard copper grid etalon. 
ROTATION IN OPTICAL TWEEZERS
Tests were made to determine if the holey spheres could be rotated by circularly polarized light. After being detached from the cover slip ( figure 3 ) the objects were trapped, as expected, with the hole horizontal as that maximized the amount of high refractive index material in the most intense part of the beam. Figure 3 . Bright field microscope images of a 5 μm diameter microfabricated sphere free floating in water at different z positions after being detached from the cover slip (the diameter of the cylindrical void is 2 μm).As can be seen from these snapshots the overall sphericity of the object is altered at the starting point of the photopolymerization process.
The holey spheres rotate in a circularly polarized beam, reversing rotation direction when the handedness of the beam is reversed. Snapshots of a rotating microsphere in circularly polarized light are shown in figure 4. As expected, the rotation rate scales linearly with the laser power as seen in figure 5 . These measurements were performed on a 5 μm diameter microfabricated sphere with a 2.5 μm void diameter. Torque measurements [9] were performed in circularly polarized light on 5 μm diameter microspheres. The measured torque efficiency of the microspheres as a function of the void diameter is shown in figure 5 . We observe the maximum torque efficiency for a void diameter of around 2 μm which presumably reflects an optimum tradeoff between increasing anisotropy and decreasing total amount of material as the void diameter is increased. The maximum value of 4% for the spin torque efficiency can be compared to around 90% for a 5 μm diameter vaterite, 1% for the quartz cylinders [7] and about 5% for 0.8 μm diameter form birefringent glass rods [9] . We see that the vaterites outperform in terms of torque efficiency the form birefringent microstructures. However, we also notice that microobjects made out of materials exhibiting weak birefringence have lower efficiencies than form birefringent microstructures. Another advantage of form birefringent objects is the possibility of size and shape control as well as the fact that they are a chemically safer tool in biological environments. A closer look at the rotation of the holey sphere in circularly polarized light as seen in figure 4 reveals the fact that it has an eccentric rotation. An analysis of this type of rotation was performed by using the centre of mass of the rotating particle at each snapshot for a complete rotation cycle. By superimposing each centre of mass on the same image we could fit the trajectory to a circle with a radius of 1.1 μm as seen in figure 6 . The distance from the centre of rotation to the closest edge of the void was found to be approximately 0.4 μm which is also the value of the radius of the trapping beam focal spot. Thus we can infer that the center of the trap is located in the centre of the eccentric rotation. Figure 6 . Left: rotation dynamics of the "holey sphere". The center of mass of the microparticle is determined for each individual snapshot during one complete rotation and then they are all superimposed on the starting point microscope image. The center of mass trajectory could then be fitted to a circle (the smaller white circle in the middle). Right: the center of mass trajectory and the circular fit.
To overcome the eccentric rotation we have designed and fabricated an improved version of a holey sphere with two parallel voids one in each hemisphere such that there will be a trappable solid core of the sphere as shown in figure 7 . The diameter of the sphere is still 5 μm with the two channels having diameters of 1 μm and the distance between the channel centers being 2 μm. As expected, this type of microsphere trapped in the centre and rotated around its centre of mass in circularly polarized light as seen in figure 8 . The spin torque efficiency was found to be around 0.01 h per photon. Taking into account that the solid core is slightly larger than the focal spot of the trapping beam, it is expected that the torque can be increased by decreasing the size of the core and also by varying the size of the channel diameter.
FUNCTIONALIZATION WITH BIO-MOLECULES
To be useful in biological experiments the holey spheres will need to be functionalized to have relevant bio-molecules attached to them, so a number of tests were performed to show how this could be done. Due to the thiol (−SH) functionalities present on the surface of the microfabricated holey spheres the molecule of choice for coating the surface was maleimide-streptavidin (Sigma-Aldrich) as a result of the strong bond between thiols and maleimide. The procedure for streptavidin coating was as follows. The maleimide-straptavidin was dissolved in a phosphate buffered saline (PBS) solution with a concentration of 10 -5 M. After that, the microspheres on the cover slip were incubated in the maleimide-streptavidin solution for10 minutes and then the cover slip was washed thoroughly with PBS. To verify the attachment of the streptavidin to the microspheres we used fluorescent labeled biotin as it has well known strong bond to streptavidin [16] . Our choice of biotin was ATTO 550 labeled biotin (Sigma-Aldrich). ATTO 550 is a novel fluorescent label related to Rhodamine 6G and Rhodamine B tailored for use in life sciences. It has strong absorption with an excitation maximum at 550 nm, high fluorescence quantum yield with an emission maximum at 576 nm, and high thermal and photo-stability (www.atto-tec.com). The streptavidin-coated holey spheres were further incubated in the fluorescent labeled biotin solution (∼10 -5 M) in PBS for another 10 minutes and then thoroughly washed with PBS. They were then imaged by the laser scanning confocal fluorescence microscope. Excitation was performed at 543 nm by a HeNe laser and fluorescence was collected above 580 nm by using a long-pass filter. A typical fluorescence image is shown in figure 9 , proving the functionalization of the holey spheres with streptavidin. The confocal image shows an equatorial slice and confirms the presence of the streptavidin coating on the outer surface and within the hole. 
CONCLUSION
By means of 2PP one can fabricate objects showing significant form birefringence and as an example we showed the design, fabrication and optical properties of a "holey sphere" that is a sphere with a cylindrical void which can be rotated in circularly polarized trapping beams. We also showed that these objects can be functionalized with bio-molecules making them potential candidates for biology related experiments in optical tweezers. To overcome the eccentric rotation of the holey spheres, a second generation of form birefringent devices was designed and fabricated, namely two-channel microspheres which trapped on-centre
